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Mini Review
Beneficial effects of berry fruit polyphenols
on neuronal and behavioral aging
Francis C Lau, Barbara Shukitt-Hale and James A Joseph∗
Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University, Boston, MA 02111, USA

Abstract: It is becoming increasingly clear that although there is a great deal of research being devoted to
elucidating the molecular mechanisms involved in aging, practical information on how to forestall or reverse
the deleterious effects of aging may be years away. Therefore, it may be beneficial to determine other methods
to improve the quality of life in the aging population. A plethora of epidemiological studies have indicated that
individuals who consume a diet containing high amounts of fruits and vegetables may have a reduced incidence of
age-associated diseases such as cardiovascular or neurodegenerative diseases. Research from our laboratory has
suggested that supplementation with fruit or vegetable extracts high in antioxidants can decrease the enhanced
vulnerability to oxidative stress and inflammation that occurs in aging, and that these reductions are expressed
as improvements in behavior. In addition to research indicating the antioxidant or anti-inflammatory functions
of the polyphenolic compounds found in these fruits and vegetables, further studies have suggested that other
mechanisms such as cellular signaling may contribute to the beneficial effects of these compounds on aging.
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INTRODUCTION
As populations age in many countries throughout
the world, increases in many age-associated diseases
such as cancer, cardiovascular and neurodegenerative
disease concomitantly occur. One of the most
devastating of these diseases is Alzheimer’s disease
(AD). By the year 2050, for example, 30% of
the total population of the United States will be
over 65 years of age, and a considerable number
of this elderly population will exhibit the most
common correlative motor and cognitive behavioral
changes that occur in normal aging. Research
discussed in this review suggests that the aged brain
provides ‘fertile ground’ for the development of AD
and Parkinson’s disease (PD), conditions involving
even more severe deficits in memory and/or motor
function than those seen in normal aging. Unless
some means is found to reduce these age-related
decrements in neuronal function, health care costs
from hospitalization and custodial care will continue
to rise exponentially. Thus, in both financial and
societal terms it is critical to explore treatments to
retard or reverse the neuronal and behavioral deficits
that occur in aging. In this review we will describe
these age-related motor and cognitive deficits in
behavior and show how these deficits are related
to increased vulnerability to oxidative stress (OS)
and inflammation. We will also describe the possible
role of nutritional supplementation with fruits and
vegetables containing high amounts of polyphenols,

such as anthocyanins, in forestalling or reversing these
deficits.

BEHAVIORAL DECREMENTS
A great deal of research indicates the occurrence of
numerous neuronal and behavioral deficits during
normal aging. The alterations in memory deficits
are seen on cognitive tasks that require the use of
spatial learning and memory,1 while motor function
may include decreases in balance, muscle strength
and coordination.2 Indeed, these changes have been
shown in a large number of studies and appear
to be expressed both in animals1 and humans.3

Alterations in memory appear to occur primarily in
secondary memory systems and are reflected in the
storage of newly acquired information.4 Deficits in
motor performance are thought to be the result of
changes in the striatal dopamine (DA) system, which
shows marked neurodegenerative changes with age,4

or in the cerebellum, which also shows age-related
alterations.5

Research shows that the hippocampus mediates
place learning, while the prefrontal cortex is critical
to acquiring the rules that govern performance
in particular tasks (i.e., procedural knowledge). It
appears that the dorsomedial striatum regulates spatial
orientation involving response and cue learning.6

As will be discussed below, substantial research
indicates that factors such as oxidative stress7
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and inflammation8 are major contributors to the
behavioral decrements seen in aging. As is well known,
cognitive deficits, along with markers of oxidative and
inflammatory stressors, are magnified in dementing
diseases such as AD.9

OXIDATIVE STRESS
Reactive oxygen species (ROS) collectively refer to
oxygen radicals and non-radicals that are readily
converted to radicals10–12 which are by-products of
normal aerobic metabolism.13,14 The production of
ROS is normally counterbalanced by cellular defense
systems,15,16 but approximately 1% of the ROS escape
daily elimination to produce oxidative cellular damage
leading to increased oxidative stress.17

The brain is especially susceptible to oxidative
stress16,18 for the following reasons: (a) the brain
has relatively ineffective antioxidant defenses that
include very low levels of catalase activity and only
moderate amounts of the endogenous antioxidant
enzymes, superoxide dismutase and glutathione per-
oxidase; (b) although comprising approximately 2%
of the body mass, the brain utilizes 20% of the total
oxygen consumption and is enriched with readily per-
oxidizable polyunsaturated fatty acids; (c) the brain
has high levels of iron and ascorbate, which are the
key catalysts for lipid peroxidation; (d) many neuro-
transmitters themselves are subject to autoxidation to
generate ROS;19–22 and (e) finally, except for those
in some restricted regions of the brain, neuronal cells
are post-mitotic and tend to accumulate oxidative
damage.13,23,24 Furthermore, as the brain ages, all of
these susceptibilities contribute to the increased vul-
nerability of the brain to OS during aging,25–29 as well
as the pathogenesis of age-related neurodegenerative
diseases such as AD, PD, and amyotrophic lateral
sclerosis (ALS).30–32

INFLAMMATION
Evidence suggests that increased inflammation in the
central nervous system is associated with normal
aging.33–36 By middle age there is an increased glial
fibrillary acidic protein expression36 that later, in the
elderly, even occurs in the absence of an inflammatory
stimulus.37 Research also indicates that tumor necrosis
factor-α (TNFα) is produced in higher amounts
during cytotoxic reactions in the elderly.38

In turn, increased inflammation is associated with
enhanced ROS production.39–42 Over-production of
ROS has been reported in several inflammatory
diseases43–45 and is associated with microglial cell
activation44,46–49 as well as the activation of inflam-
matory mediators such as the inducible nitric oxide
synthase (iNOS), interleukin-1β (IL-1β), TNFα, and
nuclear factor kappa B (NF-κB).50–57

Importantly, oxidative stress-mediated inflamma-
tion has also been attributed to neurodegenerative
disorders including AD and PD,58–63 and the increases

in sensitivity of the brain to OS and inflammation in
senescence may be the cause of the behavioral deficits
outlined above.

NEUROPROTECTIVE EFFECTS OF FRUIT
POLYPHENOLS
The key, then, to possibly reducing the incidence of
age-related dementing diseases might be to alter the
neuronal environment such that neuroinflammation
and oxidative stress and the vulnerability to them are
reduced. Research from our laboratory and others
suggests that the combinations of antioxidant/anti-
inflammatory polyphenolics found in fruits and
vegetables may be effective in this regard.

Plants, including food plants (fruits and vegetables),
synthesize a vast array of secondary chemical
compounds that, while not involved in their primary
metabolism, are important in serving a variety
of ecological functions that enhance the plant’s
survivability. Interestingly, these antioxidant/anti-
inflammatory compounds may be responsible for
the multitude of beneficial effects that have been
reported for fruits and vegetables on an array of
health-related bioactivities. However, up until very
recently the majority of the dietary agents employed
to alter behavioral and neuronal effects with aging
included such nutritional supplements as vitamins C
or E, and garlic,64 with only limited attention given
to the possible value of polyphenolic-containing plant-
derived supplements such as ginseng, Ginkgo biloba,
and ding lang.65

In an exploration of the effects of plant-derived
polyphenols in aging, we assessed whether fruit
or vegetable intervention would reverse cognitive
and motor behavioral deficits in aged animals. We
found that dietary supplementation (for 8 weeks)
with spinach, strawberry or blueberry (BB) extracts
in an AIN-93 diet was effective in reversing age-
related deficits in neuronal and cognitive function as
shown by Morris water maze (MWM) performance
in aged (19 months) F344 rats.66 However, only
the BB-supplemented group exhibited improved
performance on tests of motor function. Specifically,
the BB-supplemented group displayed improved
performance on two motor tests which rely on balance
and coordination – rod walking and the accelerating
rotarod – while none of the other supplemented
groups differed from control on these tasks.

In the same study, the rodents in all diet groups,
but not the control group, showed improved working
memory (short-term memory) performance in the
MWM, demonstrated as one-trial learning following
the 10 min retention interval.66 We also observed
significant increases in several indices of neuronal
signaling (e.g., muscarinic receptor sensitivity), and
found that the BB-supplemented diet reversed age-
related deregulation in calcium-45 buffering capacity,
an important index of neuronal dysfunction in aging.66

The fruits and vegetables used in these studies were
all high in antioxidant capacities as measured by the
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modified oxygen radical absorbance capacity (ORAC)
assay.67 While this may provide some explanation
for the positive benefits obtained, assessments of
oxidative stress in the tissue from these animals
revealed only modest decreases. Examinations of ROS
production in the brain tissue obtained from animals
in the various diet groups indicated that the tissue
(e.g., striata) obtained from all of the supplemented
groups exhibited significantly less ROS levels than the
controls via 2′,7′-dichlorofluorescein diacetate (DCF)
assay. However, these decreases did not appear to
be sufficient to account for the observed significant
beneficial effects of BB supplementation on motor
and cognitive function. It was clear from this66 and a
subsequent68 study that the significant effects of BB
on both motor and cognitive behavior were due to a
multiplicity of actions, in addition to those involving
antioxidant and anti-inflammatory activities.

In another study using APP/PS1 (amyloid precur-
sor protein/presenilin-1) transgenic mice maintained
on a blueberry-supplemented diet, we found that
extracellular signal regulated kinase (ERK) and pro-
tein kinase C (PKC), two important transcription
factors in learning and memory, were upregulated.
These findings indicated that the polyphenols found
in the berry fruit may affect neuronal signaling.69

These studies also suggested that BB supplementation
may actually prevent cognitive deficits, as shown by
enhanced performance in a Y maze, directly enhancing
neuronal signaling, and offsetting any putative dele-
terious effects of the amyloid deposition. The data
also revealed that blueberry supplements seemed to
enhance signaling at the level of the kinases and,
more directly, to increase the sensitivity of muscarinic
receptors as indicated by increased striatal, carbachol-
stimulated GTPase activity.69

We are currently exploring additional mechanisms
involving these effects, and recent research from our
laboratory using a COS-7 cell model indicates that
BB polyphenolics can directly alter oxidative stress
signaling,70 particularly with respect to MAP kinase
(e.g., ERK) activation and cyclic AMP response
element binding protein (CREB).71

These findings, combined with additional prelim-
inary research showing that BB supplementation in
senescent rats may increase neurogenesis,72 suggest
that at least part of the efficacy of BB supplemen-
tation may be to allow aging brain regions involved
in both motor and memory performance to com-
municate more effectively with each other via the
formation of new neurons. Thus, BB supplementa-
tion, by facilitating both neurogenesis and enhanced
neuronal signaling, may strengthen areas of the brain
showing the ravages of time.

REFERENCES
1 Shukitt-Hale B, The effects of aging and oxidative stress on

psychomotor and cognitive behavior. Age 22:9–17 (1999).
2 Joseph JA, Bartus RT, Clody D, Morgan D, Finch C, Beer B,

et al, Psychomotor performance in the senescent rodent:

reduction of deficits via striatal dopamine receptor up-
regulation. Neurobiol Aging 4:313–319 (1983).

3 West RL, An application of pre-frontal cortex function theory
to cognitive aging. Psychol Bull 120:272–292 (1996).

4 Joseph JA, The putative role of free radicals in the loss of
neuronal functioning in senescence. Integr Physiol Behav Sci
27:216–227 (1992).

5 Bickford P, Motor learning deficits in aged rats are correlated
with loss of cerebellar noradrenergic function. Brain Res
620:133–138 (1993).

6 McDonald RJ and White NM, Parallel information processing
in the water maze: evidence for independent memory systems
involving dorsal striatum and hippocampus. Behav Neural Biol
61:260–270 (1994).

7 Shukitt-Hale B, The effects of aging and oxidative stress on
psychomotor and cognitive behavior. Age 22:9–17 (1999).

8 Hauss-Wegrzyniak B, Vraniak P and Wenk GL, The effects
of a novel NSAID on chronic neuroinflammation are age
dependent. Neurobiol Aging 20:305–313 (1999).

9 Flirski M and Sobow T, Biochemical markers and risk factors
of Alzheimer’s disease. Curr Alzheimer Res 2:47–64 (2005).

10 Contestabile A, Oxidative stress in neurodegeneration: mech-
anisms and therapeutic perspectives. Curr Top Med Chem
1:553–568 (2001).

11 Cuzzocrea S, Riley DP, Caputi AP and Salvemini D, Antiox-
idant therapy: a new pharmacological approach in shock,
inflammation, and ischemia/reperfusion injury. Pharmacol Rev
53:135–159 (2001).

12 Evans P and Halliwell B, Micronutrients: oxidant/antioxidant
status. Br J Nutr 85:S67–74 (2001).

13 Beckman KB and Ames BN, The free radical theory of aging
matures. Physiol Rev 78:547–581 (1998).

14 Droge W, Free radicals in the physiological control of cell
function. Physiol Rev 82:47–95 (2002).

15 Freeman BA and Crapo JD, Biology of disease: free radicals and
tissue injury. Lab Invest 47:412–426 (1982).

16 Halliwell B and Gutteridge JMC, Oxygen radicals and the
nervous system. Trends Neurosci 8:22–26 (1985).

17 Berger MM, Can oxidative damage be treated nutritionally? Clin
Nutr 24:172–183 (2005).

18 Floyd RA and Hensley K, Oxidative stress in brain aging.
Implications for therapeutics of neurodegenerative diseases.
Neurobiol Aging 23:795–807 (2002).

19 Marklund SL, Westman NG, Lundgren E and Roos G, Copper-
and zinc-containing superoxide dismutase, manganese-
containing superoxide dismutase, catalase, and glutathione
peroxidase in normal and neoplastic human cell lines and
normal human tissues. Cancer Res 42:1955–1961 (1982).

20 Olanow CW, An introduction to the free radical hypothesis in
Parkinson’s disease. Ann Neurol 32:S2–9 (1992).

21 Savory J, Rao JK, Huang Y, Letada PR and Herman MM,
Age-related hippocampal changes in Bcl-2:Bax ratio, oxida-
tive stress, redox-active iron and apoptosis associated with
aluminum-induced neurodegeneration: increased susceptibil-
ity with aging. Neurotoxicology 20:805–817 (1999).

22 Gilissen EP, Jacobs RE and Allman JM, Magnetic resonance
microscopy of iron in the basal forebrain cholinergic structures
of the aged mouse lemur. J Neurol Sci 168:21–27 (1999).

23 Sohal RS, Agarwal S, Candas M, Forster MJ and Lal H, Effect
of age and caloric restriction on DNA oxidative damage
in different tissues of C57BL/6 mice. Mech Ageing Dev
76:215–224 (1994).

24 Sohal RS and Weindruch R, Oxidative stress, caloric restriction,
and aging. Science 273:59–63 (1996).

25 Keller JN, Dimayuga E, Chen Q, Thorpe J, Gee J and Ding Q,
Autophagy, proteasomes, lipofuscin, and oxidative stress in
the aging brain. Int J Biochem Cell Biol 36:2376–2391 (2004).

26 Sohal RS, Role of oxidative stress and protein oxidation in the
aging process. Free Radic Biol Med 33:37–44 (2002).

27 Esposito E, Rotilio D, Di Matteo V, Di Giulio C, Cacchio M
and Algeri S, A review of specific dietary antioxidants
and the effects on biochemical mechanisms related to

J Sci Food Agric 86:2251–2255 (2006) 2253
DOI: 10.1002/jsfa



FC Lau, B Shukitt-Hale, JA Joseph

neurodegenerative processes. Neurobiol Aging 23:719–735
(2002).

28 Gilissen EP, Jacobs RE, McGuinness ER and Allman JM,
Topographical localization of lipofuscin pigment in the brain
of the aged fat-tailed dwarf lemur (Cheirogaleus medius) and
grey lesser mouse lemur (Microcebus murinus): comparison to
iron localization. Am J Primatol 49:183–193 (1999).

29 Carney JM, Smith CD, Carney AN and Butterfield DA, Aging-
and oxygen-induced modifications in brain biochemistry and
behavior. Ann NY Acad Sci 738:44–53 (1994).

30 Cui K, Luo X, Xu K and Ven Murthy MR, Role of oxida-
tive stress in neurodegeneration: recent developments in
assay methods for oxidative stress and nutraceutical antioxi-
dants. Prog Neuropsychopharmacol Biol Psychiatry 28:771–799
(2004).

31 Durany N, Munch G, Michel T and Riederer P, Investigations
on oxidative stress and therapeutical implications in dementia.
Eur Arch Psychiatry Clin Neurosci 249:68–73 (1999).

32 Simonian NA and Coyle JT, Oxidative stress in neurodegenera-
tive diseases. Annu Rev Pharmacol Toxicol 36:83–106 (1996).

33 Eikelenboom P and Veerhuis R, The role of complement and
activated microglia in the pathogenesis of Alzheimer’s disease.
Neurobiol Aging 17:673–680 (1996).

34 O’Banion MK and Finch CE, Inflammatory mechanisms and
anti-inflammatory therapy in Alzheimer’s disease. Neurobiol
Aging 17:669–671 (1996).

35 Gordon MN, Schreier WA, Ou X, Holcomb LA and Mor-
gan DG, Exaggerated astrocyte reactivity after nigrostriatal
deafferentation in the aged rat. J Comp Neurol 388:106–119
(1997).

36 Rozovsky I, Finch CE and Morgan TE, Age-related activation
of microglia and astrocytes: in vitro studies show persistent
phenotypes of aging, increased proliferation, and resistance to
down-regulation. Neurobiol Aging 19:97–103 (1998).

37 McGeer PL and McGeer EG, The inflammatory response
system of brain: implications for therapy of Alzheimer and
other neurodegenerative diseases. Brain Res Brain Res Rev
21:195–218 (1995).

38 Chang HN, Wang SR, Chiang SC, Teng WJ, Chen ML,
Tsai JJ, et al, The relationship of aging to endotoxin shock
and to production of TNF-alpha. J Gerontol A Biol Sci Med
Sci 51:M220–222 (1996).

39 Grimble RF, Inflammatory response in the elderly. Curr Opin
Clin Nutr Metab Care 6:21–29 (2003).

40 Lane N, A unifying view of ageing and disease: the double-agent
theory. J Theor Biol 225:531–540 (2003).

41 McGeer EG and McGeer PL, Inflammatory processes in
Alzheimer’s disease. Prog Neuropsychopharmacol Biol Psychiatry
27:741–749 (2003).

42 Emerit J, Edeas M and Bricaire F, Neurodegenerative diseases
and oxidative stress. Biomed Pharmacother 58:39–46 (2004).

43 Halliwell B, Gutteridge JM and Cross CE, Free radicals,
antioxidants, and human disease: where are we now? J Lab
Clin Med 119:598–620 (1992).

44 Darley-Usmar V, Wiseman H and Halliwell B, Nitric oxide
and oxygen radicals: a question of balance. FEBS Lett
369:131–135 (1995).

45 Himmelfarb J, Linking oxidative stress and inflammation in
kidney disease: which is the chicken and which is the egg?
Semin Dial 17:449–454 (2004).

46 DiPatre PL and Gelman BB, Microglial cell activation in aging
and Alzheimer disease: partial linkage with neurofibrillary
tangle burden in the hippocampus. J Neuropathol Exp Neurol
56:143–149 (1997).

47 McGeer PL and McGeer EG, Inflammation and the degen-
erative diseases of aging. Ann NY Acad Sci 1035:104–116
(2004).

48 Rosenman SJ, Shrikant P, Dubb L, Benveniste EN and Ranso-
hoff RM, Cytokine-induced expression of vascular cell adhe-
sion molecule-1 (VCAM-1) by astrocytes and astrocytoma
cell lines. J Immunol 154:1888–1899 (1995).

49 Woodroofe MN, Cytokine production in the central nervous
system. Neurology 45:S6–10 (1995).

50 Allen RG and Tresini M, Oxidative stress and gene regulation.
Free Radic Biol Med 28:463–499 (2000).

51 Roy AK, Oh T, Rivera O, Mubiru J, Song CS and Chatterjee B,
Impacts of transcriptional regulation on aging and senescence.
Ageing Res Rev 1:367–380 (2002).

52 Schroeter H, Boyd C, Spencer JP, Williams RJ, Cadenas E
and Rice-Evans C, MAPK signaling in neurodegeneration:
influences of flavonoids and of nitric oxide. Neurobiol Aging
23:861–880 (2002).

53 Yoon SO, Yun CH and Chung AS, Dose effect of oxidative
stress on signal transduction in aging. Mech Ageing Dev
123:1597–1604 (2002).

54 Klein JA and Ackerman SL, Oxidative stress, cell cycle, and
neurodegeneration. J Clin Invest 111:785–793 (2003).

55 Talley AK, Dewhurst S, Perry SW, Dollard SC, Gummuluru S,
Fine SM, et al, Tumor necrosis factor alpha-induced apop-
tosis in human neuronal cells: protection by the antioxidant
N-acetylcysteine and the genes bcl-2 and crmA. Mol Cell Biol
15:2359–2366 (1995).

56 Perry SW, Dewhurst S, Bellizzi MJ and Gelbard HA, Tumor
necrosis factor-alpha in normal and diseased brain: conflicting
effects via intraneuronal receptor crosstalk? J Neurovirol
8:611–624 (2002).

57 Mrak RE and Griffin WS, Glia and their cytokines in pro-
gression of neurodegeneration. Neurobiol Aging 26:349–354
(2005).

58 Hensley K, Hall N, Subramaniam R, Cole P, Harris M, Aksenov
M, et al, Brain regional correspondence between Alzheimer’s
disease histopathology and biomarkers of protein oxidation. J
Neurochem 65:2146–2156 (1995).

59 Rogers J, Webster S, Lue LF, Brachova L, Civin WH, Emmer-
ling M, et al, Inflammation and Alzheimer’s disease patho-
genesis. Neurobiol Aging 17:681–686 (1996).

60 Hensley K, Maidt ML, Yu Z, Sang H, Markesbery WR and
Floyd RA, Electrochemical analysis of protein nitrotyrosine
and dityrosine in the Alzheimer brain indicates region-specific
accumulation. J Neurosci 18:8126–8132 (1998).

61 Munch G, Schinzel R, Loske C, Wong A, Durany N, Li JJ, et al,
Alzheimer’s disease: synergistic effects of glucose deficit,
oxidative stress and advanced glycation endproducts. J Neural
Transm 105:439–461 (1998).

62 Esch T, Stefano GB, Fricchione GL and Benson H, Stress-
related diseases: a potential role for nitric oxide. Med Sci
Monit 8:RA103–118 (2002).

63 McGeer PL and McGeer EG, Inflammation and neurodegen-
eration in Parkinson’s disease. Parkinsonism Relat Disord
10:S3–7 (2004).

64 Youdim KA and Joseph JA, A possible emerging role of phyto-
chemicals in improving age-related neurological dysfunctions:
a multiplicity of effects. Free Radic Biol Med 30:583–594
(2001).

65 Cantuti-Castelvetri I, Shukitt-Hale B and Joseph JA, Neurobe-
havioral aspects of antioxidants in aging. Int J Dev Neurosci
18:367–381 (2000).

66 Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D, Mar-
tin A, McEwen JJ, et al, Reversals of age-related declines
in neuronal signal transduction, cognitive and motor
behavioral deficits with blueberry, spinach or straw-
berry dietary supplementation. J Neurosci 19:8114–8121
(1999).

67 Wang H, Cao G and Prior RL, Total antioxidant capacity of
fruits. J Agric Food Chem 44:701–705 (1996).

68 Youdim KA, Shukitt-Hale B, Martin A, Wang H, Denisova N
and Joseph JA, Short-term dietary supplementation of
blueberry polyphenolics: beneficial effects on aging brain
performance and peripheral tissue function. Nutr Neurosci
3:383–397 (2000).

69 Joseph JA, Arendash G, Gordon M, Diamond D, Shukitt-
Hale B and Morgan D, Blueberry supplementation
enhances signaling and prevents behavioral deficits in
an Alzheimer disease model. Nutr Neurosci 6:153–162
(2003).

2254 J Sci Food Agric 86:2251–2255 (2006)
DOI: 10.1002/jsfa



Beneficial effects of berry fruit polyphenols on aging

70 Joseph JA, Fisher DR and Bielinski D, Blueberry extract alters
oxidative stress-mediated signaling in COS-7 cells transfected
with selectively vulnerable muscarinic receptor subtypes. J
Alzheimers Dis 9:35–42 (2005).

71 Rosenblum K, Futter M, Jones M, Hulme EC and Bliss TV,
ERKI/II regulation by the muscarinic acetylcholine receptors
in neurons. J Neurosci 20:977–985 (2000).

72 Casadesus G, Shukitt-Hale B, Stellwagen HM, Zhu X, Lee HG,
Smith MA, et al, Modulation of hippocampal plasticity and
cognitive behavior by short-term blueberry supplementation
in aged rats. Nutr Neurosci 7:309–316 (2004).

J Sci Food Agric 86:2251–2255 (2006) 2255
DOI: 10.1002/jsfa


